INTRODUCTION
Euglena gracilis strain Z is a unicellular photosynthetic flagellate which has about 330 Gy of 50% lethal dose of 60 Co gamma-rays 1) . This organism swims upward in a water column in the absence of light 2) . This movement is called 'negative gravitaxis', which is employed to move to an optimal position in a water column for photosynthesis 2) . Euglena gracilis has a high photosynthetic efficiency, and is expected to play an important role in the life-support subsystems of a spacecraft for producing biomass by taking up carbon dioxide and regenerating oxygen 3) . It is important for a future space mission to establish whether the negative gravitaxis of Euglena gracilis is affected by exposure to ionizing irradiation. We thus examined the effects of 60 Co gammarays and high-energy carbon ions on the negative gravitaxis of Euglena gracilis 4) . We found a significant inhibition of negative gravitaxis in Euglena gracilis cells exposed to 60 Co gamma-rays (>100 Gy for water) and high-energy carbon ions (>10 Gy) 4) . These findings provoke the question as to whether free radicals produced upon the irradiation of water can inhibit the negative gravitaxis of Euglena gracilis. In addition, since it has been suggested that the sensory transduction chain of the negative gravitaxis in Euglena gracilis involves a modulation of the membrane potential 5) and mechano-sensitive ion channels 6) in a cytoplasmic membrane, the relationship between radiation-induced membrane damage and negative gravitaxis is of fundamental interest. To address these questions, the present study examined the protection of negative gravitaxis in Euglena gracilis against gamma-ray irradiation by the antioxidant Trolox-C, a water-soluble vitamin-E derivative. Vitamin-E has been found to be an inhibitor of free radical-mediated membrane damage 7) . This study investigated the dose response of Trolox-C (Trolox) in the negative gravitaxis of Euglena gracilis irradiated by 60 Co gamma-rays at a dose of 200 Gy.
MATERIALS AND METHODS
Organism and culture Euglena gracilis strain Z samples were obtained from a culture using a mineral medium 8) containing no organic substances. The culture was grown using an incubator with a 9) , were used for the present experiments.
Addition of Trolox and gamma-ray irradiation
To scavenge free-radical reactions just after irradiation, Trolox (Aldrich, U.S.A.) was added to the medium in each flask at different concentrations 30-60 min before gammaray irradiation. The concentrations of Trolox were adjusted to 1, 10 and 100 µM, because the Trolox concentrations used by several reports 10,11) exceeding 1 mM were lethal for Euglena gracilis (data not shown). The stock solution of Trolox was prepared by a sonication -method, described by Wu et al. 10) . A cell suspension was irradiated by gammarays from a 60 Co gamma source (111 TBq) at a dose of 200
Gy for water. The dose was less than the 50% lethal dose (330 Gy) 1) , and a significant inhibition (>100 Gy) of negative gravitaxis in Euglena gracilis could be observed 4) . The dose rate was 56 Gy/min. In brief, after irradiation the flasks were carefully carried to the measurement room for negative gravitaxis in the darkness, because Euglena gracilis is highly sensitive to external stimuli, and negative gravitaxis was measured 26±2 hours after irradiation.
Analysis of negative gravitaxis
A recently developed biomonitoring system, ECOTOX 12, 13) , was used to measure the negative gravitaxis of Euglena gracilis cells. The movement of Euglena gracilis cells in a vertical cuvette was recorded on video tape for three minutes. During playback the precision of the negative gravitaxis (orientation) was quantified using the r-value 14) , calculated by
where n is the number of movement vectors and α the deviation angle of each movement vector. The r-value varies between 0 (cells not oriented) and 1 (cells completely oriented). When 70-80% of Euglena gracilis cells swim upward in the cuvette, the r-value is 0.4-0.5. If 50% of the Euglena gracilis cells swim upward, the r-value decreases to approximately 0.1. A student's t-test at the 5% level (p=0.05) was used to determine any significant differences between the two groups.
RESULTS AND DISCUSSION
The significant decrease (p<0.0001 estimated by the Student's t-test) in the r-value was observed after gamma irradiation, and the r-values changed from 0.47+/-0.03 to 0.18+/-0.03, as shown in Fig. 1 . There were no significant changes in the r-value of cells exposed to 200 Gy gammarays by the addition of Trolox at concentrations of 1 or 10 µM, compared to control cells exposed to 200 Gy 60 Co gamma-rays in the absence of a quencher. A significant increase (p=0.0002) in the r-value of cells exposed to 200 Gy by addition of 100 µM Trolox was observed. In addition, the magnitude (0.19) of the increase was about 6-times larger than the standard deviation of the r-value in cells exposed to 200 Gy 60 Co gamma-rays. Thus, these data suggest that Trolox at a concentration of 100 µM protect against gammarays in its effect on negative gravitaxis. Significant increases in the r-value of non-irradiated cells with 1 (p = 0.03) and 100 (p = 0.02) µM Trolox were observed. This difference may indicate that Euglena gracilis cells are under oxidative stress, even in the normal culture condition, and that this stress is removed by Trolox. However, the increases in the r-value for 1 and 100 µM Trolox were slight. In addition, there were differences within 2 standard deviations of the non-irradiated samples. Thus, further studies are required to investigate the normal oxidative stress in Euglena gracilis.
In this paper, we have shown the protective effect of Trolox on the inhibition of negative gravitaxis in Euglena gracilis cells exposed to 200 Gy 60 Co gamma-rays. Although the mechanism of the inhibition of negative gravitaxis in Euglena gracilis by 60 Co gamma-ray irradiation is not fully understood, negative gravitaxis seems to be affected by free radicals, such as a hydroxyl radical, because Trolox reacts not only with peroxyl radicals, but also with hydroxyl radicals at a high rate constant (2.2 × 10 9 dm 3 mol -1 s -1 , pH = 7; the pH of a 15 day cultured medium was 7.0 ± 0.1) 7) . Recently, it has been reported that tocopherol monoglucoside (TMG), which is a closer vitamin-E analogue than Trolox, acts as an antioxidant to protect free-radical damage 15, 16) . TMG may also protect the negative gravitaxis of Euglena gracilis against gamma-ray irradiation. In the relationship between radiation-induced membrane damage and negative gravitaxis, further studies of other aspects, such as lipid peroxidation, membrane potential and Ca 2+ gating, are necessary to elucidate the connection.
